ABSTRACT: Single-ion-conducting block copolymers are of considerable interest as electrolytes for battery systems, as they eliminate overpotentials due to concentration gradients. In this study, we characterize a library of poly(ethylene oxide) (PEO)-based diblock copolymers where the second block is poly(styrene-4-sulfonyltrifluoromethylsulfonyl)imide with either cation: univalent lithium or divalent magnesium counterions (PEO−PSLiTFSI or PEO−P[(STFSI) 2 Mg]). The PEO chain length is held fixed in this study. Polymers were synthesized in matched pairs that were identical in all aspects except for the identity of the counterion. Using rheology, SAXS, DSC, and AC impedance spectroscopy, we show that the dependence of morphology, modulus, and conductivity on composition in these charged copolymer systems is fundamentally different from uncharged block copolymers. At a given frequency and temperature, the shear moduli of the magnesiated copolymer systems were approximately 3−4 orders of magnitude higher than those of the matched lithiated pair. The shear moduli of all of the lithiated copolymers showed liquid-like rheological features while the magnesiated copolymers did not. All of the lithiated copolymers were completely disordered (homogeneous), consistent with the observed rheological properties. As expected, the moduli of the lithiated copolymers increased with increasing volume fraction of the ion-containing block (ϕ PSTFSI ), and the conductivity decreased with ϕ PSTFSI . However, the magnesiated copolymers followed a distinct trend. We show that this was due to the presence of microphase separation in the regime 0.21 ≤ ϕ PSTFSI ≤ 0.36, and the tendency for microphase separation became weaker with increasing ϕ PSTFSI . The magnesiated copolymer with ϕ PSTFSI = 0.38 was homogeneous. The morphological, rheological, and conductivity properties of these systems are governed by the affinity of the cations for PEO chains; homogeneous systems are obtained when the cations migrate from the ion-containing block to PEO.
■ INTRODUCTION
The phase behavior of uncharged A−B diblock copolymer melts is well-established. 1−5 We consider a hypothetical experiment wherein the length (or molecular weight) of the A block is held fixed while the molecular weight of the B block is systematically increased such that the volume fraction of B, ϕ B , increases from about 0.2 to 0.4 (B is the minor component). We expect to see an increasing tendency to form ordered phases with increasing ϕ B . The total chain length increases with increasing ϕ B in our hypothetical experiment, and this is known to promote ordering. 1 The block copolymer becomes more symmetric with increasing ϕ B , and this is also known to promote ordering. 1 One could use this information to predict changes in rheological properties in our hypothetical experiment. If the B block is more rigid than the A block, one would predict that the shear moduli at a given frequency and temperature would increase with ϕ B . It is worth noting that increasing chain length and promoting order also results in an increase in the shear moduli; in fact, an increase in the moduli is often used to detect a disorder-to-order transition. 6−10 This paper deals with single-ion-conducting block copolymers comprising a nonionic block (A) and an ion-containing block (B). These systems are of interest for their potential application in rechargeable batteries, as they eliminate overpotentials due to concentration gradients. 11−18 Ion-containing block copolymers have been the subject of numerous recent theoretical studies. 19−24 It has been shown that Coulombic effects can fundamentally alter the thermodynamics of block copolymers. In our work, the ion-containing block comprises poly(styrene-4-sulfonyltrifluoromethylsulfonyl)imide repeat units with either lithium (univalent) or magnesium (divalent) counterions, PSLiTFSI or P[(STFSI) 2 Mg]. The nonionic block is poly(ethylene oxide) (PEO). The chemical structures of the block copolymers are shown in Figure 1 . Our work on this class of materials is motivated by the pioneering work of Bouchet et al., who first proposed the possibility of using these systems for battery applications. 11 Here we fix the molecular weight of the PEO block (9.5 kg mol −1 ) and study the properties of the block copolymers as a function of increasing molecular weight of the ion-containing block. The volume fraction of the ion-containing block, ϕ PSTFSI , is thus increased from 0.21 to 0.38. We focus our attention to temperatures above the melting temperature of the PEO block. We show that the lithiated systems are disordered at all temperatures and all compositions, consistent with our previous studies on low molecular weight samples. 16, 17 In contrast, the magnesiated samples show signatures of microphase separation in the regime 0.21 < ϕ PSTFSI < 0.36, and the tendency for microphase separation becomes weaker with increasing ϕ PSTFSI . These signatures disappear when ϕ PSTFSI is increased from 0.36 to 0.38. The consequence of these morphological characteristics on rheology and conductivity is described below. For reasons that we will clarify, the dependence of morphology, mechanical properties, and ion transport of single-ionconducting block copolymers on composition is qualitatively different from that of uncharged block copolymers outlined in the first paragraph of the Introduction.
■ EXPERIMENTAL SECTION
Block Copolymers. The syntheses of PEO-b-PSLiTFSI and PEOb-P[(STFSI) 2 Mg] block copolymers were described in prior work. 16−18 Briefly, a 9.5 kg mol −1 PEO macroinitiator was used to synthesize a series of PEO-b-PSKTFSI copolymer precursors. The potassium ion in each precursor was exchanged in separate reactions to yield a matched pair of PEO-b-PSLiTFSI and PEO-b-P[(STFSI) 2 Mg] block copolymers. Following ion exchange, the water was sublimed under reduced pressure and 10°C. Polymers were then further dried in a glovebox antechamber under vacuum at 90°C for at least 12 h. Polymers were then brought into a glovebox for sample preparation. Polymerization was verified with 1 H NMR ( Figure S1 ) and GPC ( Figure S2 ), and ion exchange was verified via ICP-OES (inductively coupled plasma optical emission spectroscopy) ( Figure S3 ).
Polymers are labeled PEO−PSLiTFSI(x−y) or PEO−P-[(STFSI) 2 Mg](x−y), where x and y are the molecular weights of the PEO and PSLiTFSI (or P[(STFSI) 2 Mg ]) blocks, respectively, in kg mol −1 . The resulting molecular weights (M n ), dispersities (Đ), ion concentrations (r), and volume fractions (ϕ) for the copolymers in this study are listed in Table 1 . The volume fractions were estimated using the densities of PEO (1.12 g cm ), PSLiTFSI (1.57 g cm ), and P[(STFSI) 2 Differential Scanning Calorimetry. Polymer samples were hermetically sealed in aluminum pans inside an argon glovebox. Glovebox integrity was maintained during sample preparation. Experiments were carried out on a Thermal Advantage Q200 calorimeter at the Molecular Foundry (LBNL) in the following sequence: heating, cooling, heating. Each heating run was at a 20°C Small-Angle X-ray Scattering. In an argon glovebox, samples were melt-pressed (60−90°C) into AFLAS rubber spacers (800 μm thick) until translucent pucks were obtained. Samples were hermetically sealed in custom-made sample holders with Kapton windows. Samples were annealed overnight at 90°C, and they were slowly cooled for 12 h to room temperature. Acquisitions of the magnesiated copolymers were conducted at the Stanford Synchrotron Radiation Lightsource (SSRL), and acquisitions of the lithiated copolymers were obtained at the Advanced Light Source (LBNL). 25 Glassy carbon (sample M13 provided by Jan Ilavsky) was used as the standard for absolute scattering. 26 The beam center and sample-to-detector distance were calibrated using silver behenate in Ilavsky's Nika module for Igor Pro. 27 The scattering profile of an empty sample holder was obtained as I air . An empty sample holder with two Kapton films was used to acquire I Kapton . The sample (I Sample ), I Kapton , and I air were all acquired with the same exposure time. 
The scaling constant c for absolute intensity was obtained with the aid of Jan Ilavsky's Irena module in Igor Pro. 28 The transmission coefficients of the polymer sample and Kapton sample are T Sample and T Kapton , respectively.
Rheometry Experiments. A parallel-plate geometry was used on a Rheometric Scientific ARES (Advanced Rheometric Expansion System) rheometer. Rheometry measurements were conducted starting with 90°C and cooled in 10°C intervals until 50°C. Thermal expansion of the plattens at each temperature was taken into account using a thermal expansion factor of 2.2 μm°C −1 . Samples were first subjected to a dynamic strain sweep test at 1 rad s −1 to determine a linear regime in which the storage (G′) and loss (G″) moduli were constant as a function of strain. A strain in this linear regime was chosen such that the torque in the subsequent dynamic frequency sweep test was greater than 0.2 g·cm of force. The gap distance was adjusted for every temperature, as the polymer sample would contract with decreasing temperature. Final sample gap distances were between 0.5 and 1.5 mm.
All lithiated polymers were measured with 25 mm diameter plates, and the magnesiated copolymers were measured with 8 mm plates. A larger geometry was necessary for the lithiated copolymers because a higher strain was necessary to obtain strain-independent moduli. The PEO 9.5 kg mol −1 hompolymer was measured using a 50 mm plate geometry.
A 7.9 and 15.9 mm mold each made of fabric-reinforced silicone rubber sheet with an adhesive back (purchased from McMaster-Carr) was adhered onto a clean Teflon sheet. The magnesiated samples were melt-pressed into the 7.9 mm molds, and the lithiated copolymers were melted into the 15.9 mm molds. (The PEO 9.5 kg mol
homopolymer was prepared in a 25.4 mm mold.) The PEO homopolymer and lithiated samples were degassed under vacuum for 12 h at 90°C to remove air bubbles. The magnesiated samples were pressed under 73 psi overnight at 90°C for effective removal of air bubbles. The samples were then subjected to a slow cooling for 12 h under an inert atmosphere of nitrogen gas, and they were left at room temperature overnight for 12 h in an inert environment. The samples were then brought back into the glovebox for sample removal from the mold. The free-standing samples were removed from the glovebox in an airtight container for sample loading.
The plattens were rubbed clean with isopropanol before fixing them into the rheometer. An oven providing an inert atmosphere surrounded the plattens for the experiment. The plattens were heated up to 65°C, at which point the gap was zeroed. The samples were quickly loaded concentrically to the plates at this temperature. The lithiated samples melted and thermally expanded, upon which the sample was pressed by the top plate until the sample filled up approximately 50% of the gap volume. Samples were then heated to 90°C upon which samples thermally expanded to fill the gap volume.
The samples were pressed with the top platten until the sample filled up the void space, and a slight polymer bulge was observed at the edges. Any residual polymer drip was removed, being careful not to damage the integrity of the polymer loaded in the plates. The robust magnesiated samples were pressed in the plattens until they filled the sample space. Samples equilibrated in the plattens for an hour before the start of the experiment. Samples were equilibrated for 20 min at every subsequent temperature before measurement. Ionic Conductivity. Samples for ionic conductivity and measurement of the lithiated copolymers were reported in a previous publication. 16 Ionic conductivity samples of the magnesiated copolymers differed only in that they utilized more physically robust spacers, Garolite 10 (McMaster-Carr). Samples were approximately 100−200 μm thick.
■ RESULTS AND DISCUSSION
The frequency (ω) dependence of G′ and G″ was measured for all polymers between 60 and 90°C. These data are shown in Figures S5−S12. Time−temperature superposition (TTS) was used to generate master curves, and the results are shown in Figure 2 . Figures 2a and 2b show G′ and G″ against reduced frequency for the matched pair: PEO−P[(STFSI) 2 Mg](9.5-3.6) and PEO−PSLiTFSI(9.5-3.5). For the lithiated copolymer, G″ > G′ and G″ ∼ ω over the entire frequency range. These are characteristics of viscoelastic liquids. In the range 1 < log(ωα T ) < 2, G′ ∼ ω 2 ; α T is the shift factor used at temperature, T. The G′ versus ω scaling observed in this frequency window is also characteristic of viscoelastic liquids. The liquid-like rheological properties of PEO−PSLiTFSI(9.5−3.5) are consistent with our previous studies, indicating that these copolymers are disordered. 16, 17 However, in the low-frequency regime, log-(ωα T ) < 0, we observe deviations from rheological liquid-like behavior in PEO−PSLiTFSI(9.5−3.5); G′ approaches a frequency-independent plateau. This plateau may arise from physical cross-links due to the presence of widely spaced ionic clusters. 29−31 The rheological data suggest that these clusters have a lifetime of 10−100 s at 60°C. Uncharged block copolymers in the disordered state do not exhibit such a plateau. 6 The rheological properties of PEO−P[(STFSI) 2 Mg]-(9.5−3.6) differ qualitatively from those of the lithiated matched pair (Figure 2a and 2b) . Over the accessible reduced frequency range, G′ of the magnesiated sample at a given reduced frequency is 3−4 orders of magnitude higher than its lithiated counterpart. Similarly, G″ is 2−3 orders of magnitude higher than its lithiated counterpart. In addition, both G′ and G″ of the magnesiated sample are similar in magnitude and scale with ω 0.5 across much of the accessible reduced frequency window. These characteristics are often seen in microphaseseparated block copolymers. 6, 32 The rheological properties of the matched pair PEO− P[(STFSI) 2 Mg](9.5−5.0) and PEO−PSLiTFSI(9.5−4.9) (Figures 2c and 2d ) are similar to those described in the preceding paragraph. Further increase of the molecular weight of the ioncontaining block to 7.7 kg mol −1 results in qualitative differences (Figures 2e and 2f) . At high frequency, we see deviations from liquid-like behavior that are not present in the lithiated samples discussed in the previous paragraph. In particular, we see beginnings of glassy response at high frequency. We attribute this to the increase in the volume fraction of the glassy PSLiTFSI block. Low-frequency deviations from liquid-like rheological behavior in PEO− PSLiTFSI(9.5−7.6) are no longer evident. While there are many possible explanations for this, it is likely that this is due to the limited frequency window; the low-frequency plateau and glassy modes occur at reduced frequencies outside our experimental window. We also note the presence of highfrequency glassy plateaus in both G′ and G″ of PEO− P[(STFSI) 2 Mg](9.5−7.7). The rheological properties of the PEO−P[(STFSI) 2 Mg](9.5−8.5) and PEO−PSLiTFSI(9.5− 8.3) matched pair are shown in Figures 2g and 2h . The liquid-like terminal regime is not seen in PEO−PSLiTFSI(9.5− 8.3). We posit that the increase in the volume fraction of the glassy component results in the emergence of glassy dynamics in the accessible frequency window. Interestingly, the glassy plateau evident in PEO−P[(STFSI) 2 Mg](9.5−7.7) is not seen in PEO−P[(STFSI) 2 Mg](9.5−8.5). We will explain this behavior shortly.
The temperature dependence of shift factors for each matched pair is shown in Figure 3 , where log(α T ) is plotted versus temperature. The surprising observation is that the shift factors for the lithiated and magnesiated matched pairs at a given temperature are very similar in spite of the fact that their rheological properties are very different. For example, at log(ωα T ) = −1, the G′ of PEO−P[(STFSI) 2 Mg](9.5−7.7) is 6 orders of magnitude larger than its lithiated matched pair (Figures 2e and 2f) . In comparison, the differences in the shift factors of these two systems are unremarkable (Figure 3c ). The same can be said of all of the data in Figures 2 and 3 .
In principle, time−temperature superposition (TTS) applies to thermorheologically simple polymers, typically homopolymers. 33 While the data in Figures 2 and 3 are limited to temperatures above both the crystallization and glass transition temperatures of the samples, further work is needed to ascertain the extent to which TTS is applicable to single-ionconducting block copolymers.
In Figure 4a , we plot G′ and G″ (as measured, unshifted) of each of the magnesiated copolymers at fixed temperature and frequency (80°C and ω = 1 rad s −1 ) versus ϕ PSTFSI . Both G′ and G″ increase steadily with increasing ϕ PSTFSI (or equivalently with increasing molecular weight of the ion-containing block), until ϕ PSTFSI reaches a threshold of 0.36. Beyond this threshold, both G′ and G″ decrease. In Figure 4b , we plot G′ and G″ of each of the lithiated copolymers at fixed temperature and frequency (80°C and ω = 1 rad s −1 ) versus ϕ PSTFSI of that sample. In this set, both G′ and G″ increase steadily with increasing ϕ PSTFSI across the entire experimental window. (While we have shown rheology data at a particular temperature and frequency in Figure 4 , the same conclusion is obtained for data at all temperatures and frequencies.) To explain the distinct trends in the rheological features of the lithiated and magnesiated copolymer systems, we conducted SAXS experiments.
The SAXS profiles obtained at 80°C for each of the copolymers are shown in Figure 5 , where the scattering intensity, I, is plotted against the magnitude of the scattering vector, q. The scattering profiles of the lithiated copolymers are shown in Figure 5a . The scattering from these samples was comparable to the scattering from the empty cell. In one of the samples (PEO−PSLiTFSI(9.5−7.6)) the data are truncated because the measured scattering from the sample fell below that of the empty cell at q > 0. 32 . We conclude that all of the PEO− PSLiTFSI samples are completely disordered (homogeneous). This is consistent with our previous work wherein we concluded that the effective Flory−Huggins interaction parameter, χ, between PEO and PSLiTFSI is negative. 18 The scattering profiles of the magnesiated copolymers are shown in Figure 5b . Sample PEO−P[(STFSI) 2 Mg](9.5−3.6) with ϕ PSTFSI = 0.21 exhibits a broad well-defined peak at q = q* = 0.330 nm −1 . In addition, we see an upturn at low q. We take the presence of scattering peaks to be a signature of microphase separation. As we increase ϕ PSTFSI to 0.27 (PEO−P-[(STFSI) 2 Mg](9.5−5.0)), a broad peak is also observed at q* = 0.227 nm . Finally, increasing ϕ PSTFSI to 0.38 results in a monotonic scattering profile with no evidence of a scattering maximum. As mentioned in the Introduction, the tendency for ordering in uncharged block copolymers is expected to increase with increasing molecular weight of the minor component when the chain length of the major component is held fixed. The data in Figure 5b are not in accordance with this expectation. The data presented here do not allow for distinction between weak microphase separation and disordered concentration fluctuations; we use the term weak microphase separation in the discussion below. The low-angle SAXS scattering seen in Figure 5b at q < 0.2 nm −1 is inconsistent with the expected scattering from both disordered and microphase-separated uncharged block copolymers. In Figure 6 we show the temperature dependence of I(q) of PEO−P[(STFSI) 2 Mg](9.5−3.6). It is evident that the low q scattering decreases considerably when the sample is cooled to 62°C. The changes in low q scattering are reversible.
The scattering profiles from weakly microphase-separated magnesiated block copolymers are qualitatively different from those of uncharged block copolymers. Features like low-angle upturns have previously been observed in charged block copolymers. 34 Such features may be related to the fact that our samples are not perfectly monodisperse; small differences in the length of the charged block may lead to the formation of large length-scale structures with low-angle scattering signatures. The SAXS profiles of the weakly microphase-separated magnesiated block copolymers (Figure 5b ) are qualitatively consistent with a model proposed by Teubner and Strey. 35 This model (T−S model) was originally developed to describe scattering from oil/water/surfactant microemulsions. 35−37 It assumes a sinusoidal correlation function with a characteristic period d that is exponentially damped with characteristic correlation length, ξ. Our objective is to describe the morphology of the weakly microphase-separated magnesiated block copolymers using these parameters.
The T−S equation for the scattering intensity is described by eq 2, where the additional term, I bgd , accounts for the connectivity of polymer chains. 
In Figure 7 , we show a least-squares fit to the T−S equation for the microphase-separated magnesiated copolymers at 80°C. It is evident that the shape of the main scattering peak in our samples is consistent with the T−S equation. (Analyzing features like the low-angle upturn requires more sophisticated models.) In Figure 8 , we show d and ξ, obtained from the T−S fits as a function of ϕ PSTFSI . We find that d increases with increasing ϕ PSTFSI (Figure 8a ). This is attributed to the increase in chain length with increasing ϕ PSTFSI . In contrast, ξ decreases with increasing ϕ PSTFSI (Figure 8b ), reflecting the decreasing tendency for microphase separation. Note that at ϕ PSTFSI = 0.38 no microphase separation is observed in the magnesiated sample. The decrease in ξ and homogenization with increasing ϕ PSTFSI is qualitatively different from the behavior of uncharged block copolymers. We posit that this observation is due to the favorable interactions between Mg 2+ and PEO. Above a critical value of ϕ PSTFSI = 0.36, the Mg 2+ ions prefer to be solvated in the PEO microphase. The analogous critical value of the ϕ PSTFSI of the lithiated chains is much smaller. We attribute this to two factors: (1) the interactions between ether oxygens and Li + are more favorable than those between the ether oxygens and Mg 2+ , and (2) the divalent nature of Mg 2+ increases the tendency for these ions to be localized in the PSTFSI block. It should be noted that this is the first report of homogenization in magnesiated single-ion-conducting block copolymers. The main objective of this paper is to discuss the properties of our copolymers above the melting point of the PEO block; all of the data in Figures 2−8 are in this regime. The melting point of PEO homopolymers is in the vicinity of 60°C. 41 In many cases this crystallization drives microphase separation in our single-ion-conducting block copolymers. 16−18 This is shown in Figure 9 , where DSC data from our polymers are shown. PEO−PSLiTFSI(9.5−3.5) and -(9.5−4.9) exhibit a readily identifiable melting temperature, T m , while PEO− PSLiTFSI(9.5−7.6) and -(9.5−8.3) did not show signatures of crystallinity. (PEO−PSLiTFSI(9.5−3.5) exhibits a crystallization peak prior to melting, as is often seen in semicrystalline polymers. 42, 43 ) The absence of crystallinity is due to the migration of the Li + ions from the PSTFSI block to the PEO block. 16, 17 Similarly, the magnesiated copolymers, PEO− P[(STFSI) 2 Mg](9.5−3.6), -(9.5−5.0), and -(9.5−7.7), exhibited melting behavior (Figure 9b ) while PEO−P-[(STFSI) 2 Mg](9.5−8.5) did not. As argued above, the absence of crystallinity in this case is due to the migration of Mg 2+ ions from the PSTFSI block to the PEO block. The melting behaviors of our samples are summarized in Table 2 , where we list T m , the melting enthalpy, ΔH m , and degree of crystallinity, X c . We calculate the degree of crystallinity (X c ) from eq 6, where ΔH m 0 is the melting enthalpy of a fully crystalline PEO ) and w PEO is the PEO weight fraction of the copolymer. 
It is evident that X c is highly dependent on ϕ PSTFSI ( Table 2) . The DSC scans also contain signatures of a glass transition temperature, T g , and these values are also listed in Table 2 and plotted in Figure 10 . Increasing the molecular weight of the ion-containing block results in an increase in T g . This is not surprising because the ion-containing blocks are known to be glassy. 11 Within each matched pair, the T g of the magnesiated copolymer is higher. Comparing data obtained from the matched pair with the highest ϕ PSTFSI = 0.38, we conclude that the presence of divalent Mg 2+ ions retards segmental motion to a greater extent than univalent Li + ions ( Figure 10 ). While the same qualitative conclusion may be drawn from other matched pairs, the difference in morphology precludes quantitative comparisons. The difference in T g increases with increasing volume fraction of the ion-containing block from 7 to 46°C.
In Figure 11a , we plot G′ and G″ (as measured, unshifted) of each of the magnesiated copolymers at fixed temperature and frequency (80°C and ω = 1 rad s
) versus T g of that sample. Both G′ and G″ increase steadily with increasing T g (or equivalently with increasing molecular weight of the ioncontaining block, see Figure 10 ), until T g reaches a threshold of 16°C. Beyond this threshold, both G′ and G″ decrease in spite of the fact that T g increases. The reason for this is now obvious: PEO−P[(STFSI) 2 Mg](9.5−8.5) is homogeneous while the other magnesiated copolymers are weakly microphase separated.
In Figure 11b , we plot G′ and G″ of each of the lithiated copolymers at fixed temperature and frequency (80°C and ω = 1 rad s −1 ) versus T g of that sample. In this set, both G′ and G″ increase steadily with increasing T g across the entire experimental window. The reason for this is also obvious; all of the lithiated samples are homogeneous. Also shown in Figure  11b is the data for PEO−P[(STFSI) 2 Mg](9.5−8.5). Surprisingly, data from the lithiated copolymers and PEO−P-[(STFSI) 2 Mg](9.5−8.5) fall on the same line (see dashed lines in Figure 11b ). (While we have shown rheology data at a particular temperature and frequency in Figure 11 , the same conclusion is obtained for data at all temperatures and frequencies.) It is thus evident that the sheer moduli of both lithiated and magnesiated block copolymers that are homogeneous are mainly governed by T g .
In Figure 12 , we compare the ionic conductivity of the block copolymer electrolytes at 80°C. Within each matched pair, the ionic conductivity of the magnesiated block copolymer is 2−4 orders of magnitude lower than that of its lithiated counterpart. This is consistent with previous studies on lower molecular weight lithiated and magnesiated single-ion-conducting copolymers. These ionic conductivities were on the order of 10 −5 and 10 −6 S cm −1 at 80°C for the lithiated and magnesiated copolymers, respectively. 18 Target values for single-ion conductors for electric vehicle application is 10 −4 S cm −1 . The conductivity of the lithiated copolymers decreases smoothly with increasing ϕ PSTFSI ( Figure 12 ). This can be attributed to increasing T g . The conductivity trend of the magnesiated copolymers is different. The conductivity decreases with increasing ϕ PSTFSI in the range 0.21 ≤ ϕ PSTFSI ≤ 0.36; this can also be attributed to increasing T g . However, there is a sudden increase in conductivity by a factor of 3 when ϕ PSTFSI is increased from 0.36 to 0.38. The reason for this is clear: conductivity is higher when the copolymer is homogeneous, as the magnesium ions are in contact with mobile PEO segments. This is the first reported measurement of conductivity in disordered magnesiated single-ion-conducting copolymer electrolytes.
■ CONCLUSION
We synthesized and characterized a series of matched pairs of lithiated and magnesiated single-ion-conducting block copolymer electrolytes. We used rheology, SAXS, DSC, and AC impedance spectroscopy to characterize our samples. We obtained master curves from the rheology measurements. At a given frequency and temperature, G′ and G″ of the magnesiated copolymers were approximately 3−4 orders of magnitude higher than its lithiated matched pair. Furthermore, the lithiated copolymers showed liquid-like rheological signatures while the magnesiated samples did not. In spite of these differences, the shift factors for the matched copolymer pairs at a given temperature were similar. G′ and G″ of the lithiated copolymers monotonically increased with ϕ PSTFSI . This is expected due to the glassy nature of the ion-containing block. The magnesiated copolymers however followed a slightly different trend. While G′ and G″ values increased with increasing ϕ PSTFSI in the range 0.21 ≤ ϕ PSTFSI ≤ 0.36, the modulus of the sample with ϕ PSTFSI = 0.38 was lower than that of the sample with ϕ PSTFSI = 0.36.
SAXS data showed that all of the lithiated samples were homogeneous. In contrast, the magnesiated samples with 0.21 ≤ ϕ PSTFSI ≤ 0.36 were weakly microphase separated while the sample with ϕ PSTFSI = 0.38 was homogeneous. Microphase separation is suppressed by increasing ϕ PSTFSI , a trend that is qualitatively different than that seen in uncharged block copolymers. Homogenization is driven by favorable interactions between the ions and ether oxygens in the PEO block. The extent to which these interactions are captured by current models of microphase separation in charged polymers is unclear. 20, 21 These favorable interactions are more dominant in Figure 12 . Ionic conductivity plotted against ϕ PSTFSI at 80°C of the lithiated copolymers (blue squares) and the magnesiated copolymers (orange triangles).
the lithiated samples. DSC data enabled determination of the crystallinity of the samples and T g . Crystallinity is also dominated by interactions between ions and ether oxygens. Both T g and the morphology affect G′ and G″ of the lithiated and magnesiated copolymers. When the copolymers are completely disordered (Figure 11b ), the shear moduli of both lithiated and magnesiated copolymers steadily increase with T g . When the copolymers are weakly microphase separated, they follow a separate trend with T g (Figure 11a ). Similarly, the effects of T g and morphology dictate the ionic conductivity.
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